LHCb is now read out by hybrid photon detectors. In view of its upgrade, a possible option is the adoption of the flat-panel photon multiplier tube (PMT). An important issue for good reconstruction of the Cherenkov rings is a negligible level of crosstalk. We have experimentally studied the crosstalk from the 16 16-pixels Hamamatsu H9500 PMT. Results have shown that, for the single-photon response, the statistics tied to the small number of electrons generated at the first dynode of the PMT chain (a few units) leads to a number of crosstalk signals that are a small fraction of the fired pixel. With the H9500, in a Cherenkov ring, only one or two pixels are expected to generate crosstalk. As a consequence, crosstalk cannot be considered a limit in the use of the H9500 for the upgrade of the RICH at LHCb.
I. INTRODUCTION
T HE ring imaging Cherenkov detector (RICH) at LHCb [1] - [3] is now read out by hybrid photon detectors developed in close collaboration with industry. In view of its upgrade, a possible option is the adoption of the flat-panel photon multiplier tube (PMT) [4] . A negligible level of crosstalk is an important issue for the reconstruction of Cherenkov photons. We have experimentally studied the crosstalk from commercial 16 16-pixels Hamamatsu H9500 PMT.
The Cherenkov signal from the RICH contains about 20 photons, on average, distributed along a ring. Each photon hits a single pixel whose signal gives the signature of the event. The characteristics of the PMT therefore need to be tested for the single-photon response. Extensive studies have been done on the crosstalk level of both PMTs and their competitors, the microchannel plate (MCP) [5] - [7] . Crosstalk in PMT depends on the tube type or geometry. It has been quoted for signals containing many photons [8] - [11] , and some interpretation in terms of high-frequency parasitic elements has been given for TOF applications [12] . Effects have also been demonstrated with respect to the position of the injected light and the edges of the pixel [13] and position with respect to the central pixel [14] . We have measured the dependence of the crosstalk level with the PMT at the single-photon signal amplitude. The statistical fluctuation of the small number of photoelectrons generated in response to this signal at the first dynode of the multiplication chain leads to an interesting behavior that will be described in the following sections. For this test, we developed a dedicated setup, which will be described next.
II. MEASUREMENT SETUP
The acquisition system adopted for this study was designed and tested for the BTeV experiment [15] . It consists in a monolithic 64-channels [16] , [17] front-end chip, VA64MaPMT [16] , developed by Ideas.
All the 64 analog channels are composed of a charge-sensitive preamplifier followed by a CR-RC-like shaping filter having about 70 ns peaking time. A comparator is ac-coupled to this filter. The triggering threshold voltage for the comparator is common to all the comparators of the chip and can be set at an input pin. A fine-tuning of the threshold to each channel is possible by means of few bit DAC, one per channel embedded in the chip.
This version of the front-end chip does not have analog outputs. Only the outputs from the comparators are read as a serial string at a pin.
The digital output from the chip is processed by an FPGA and sent to a PCI board developed at FERMILAB [18] . The setup dumps when full, and a memory present on the FPGA board is filled with the trigger hits from each channel. The memory is written at each given reading-strobe that can be set from a few hertz up to tens of kilohertz. The collected data had enough tagging information to allow an accurate offline analysis.
We studied both the crosstalk and noise. Evaluation of these two parameters was performed measuring the rate as a function of the trigger threshold voltage, as will be explained in the next section.
A calibration was done in the standard way. A step voltage, , was applied to a test capacitance, , connected to the preamplifier input (a virtual ground). The resulting injected charge was . In this way, the response charge to photon events was available for the study. Fig. 1 shows the threshold voltage,
, as a function of the injected charge. was the level for which the frequency of the acquired signals dropped to half-maximum. As can be seen, the saturation of the input preamplifier is just above 4 electron charge .
0018-9499/$26.00 © 2010 IEEE The PMT is a square matrix composed of 16 16 pixels, each one having an area of mm . To study the crosstalk, we selected clusters of nine pixels: a central pixel and its eight lateral neighbors (Fig. 3) . A black, matt plastic mask, 1 cm thick, with 256 holes patterned like the pixel matrix, was put in front and in contact with the PMT. We covered all the holes with a black tape except the central pixel of the selected cluster. A commercial 1-mm-diameter optical fiber (PGU-CD1002-22E from Toray Ind.) was fitted into the hole, just above and in contact with the pixel. The other end of the fiber was fitted inside of a 3-cm-long plastic, black matt tube (having about 1 cm diameter). Opaque adhesive filler was used to mechanically fasten the fiber and obscure the tube. On the other end of the tube, a commercial blue LED (L-7113QBC-D from Kingbright) was fixed using filler. This setup, shown in Fig. 2 , assured a very small optical coupling between the fiber and the LED. The blue LED (having 470 nm of wavelength) simulated Cherenkov light. A current close to 50 nA was applied to the LED through a 100-resistor. At that bias, the voltage drop of the LED was about 0.6 V, with a power dissipation of 30 nW. Using the LED data sheet, the amount of power spent to generate light corresponds to about 1.5 Gphotons/s. Photons are emitted in a cone having about a 10 aperture for the selected LED. Assuming, as a rude approximation, that photons are Gaussian-distributed within the cone, a drop to a few photons/s is obtained at about from the center, or 20 . We put the optical fiber on one side of the LED; see Fig. 2 . Then, we raised the bias of the LED up to the point that we started to see signals with a rate of a few hertz. The final bias current was 60 nA. With this arrangement, only the central pixel of the cluster was illuminated with a single photon.
The PMT was put inside a light-tight metallic box. As a further precaution, a thick, black cloth covered completely the box. Very short shielded connections were used from the PMT to the external of the box, where a short high-density flat cable, having a pitch of 0.64 mm, was connected to the front end. A 25-pin feed-through connector was used on the box. The metallic box and its black cloth were put inside a Faraday cage. Any possible crosstalk coming from a source other than the pixels must be suppressed. The connecting cables are the main source of additional crosstalk, whose level depends on the input impedance of the charge-sensitive preamplifier. A calibration of the high-density flat cable that connects the preamplifier input was therefore done. A test charge was injected at the input of one channel, and the crosstalk signal was read at the output of the channel connected to the adjacent wires on the flat cable. For this measurement, the PMT was not connected. We observed that the crosstalk started to be seen when the input charge was about 1.1 for a 25 cm flat cable length and 2.4 for a 10 cm flat cable length. To attenuate this contribution, we connected the nine pixels of the clusters under study by using every fifth wire of the flat cable, lowering the coupling capacitance by a factor of 4. The length of the cable used in the final setup was close to 8 cm, resulting in an expected crosstalk threshold larger than 11 , far beyond the dynamic range of our amplifying chain. This configuration assured that the crosstalk contribution from wiring to adjacent pixels was negligible. A similar connecting pattern was adopted also for the 25-pin feed-through connector. 
III. PMT CHARACTERIZATION WITH SINGLE PHOTON
The setup described in the previous section was exploited not only for crosstalk studies, but also for evaluating signal response.
The output from the VA64MaPMT is a digital signal that is present only if the output of the corresponding channel had exceeded the trigger threshold. If we suppose the single-photon response is a Gaussian distribution, then by setting the threshold , we count all the signals in the distribution above it if the frequency of the reading-strobe is greater than the frequency of the events, as was our case. This is equivalent to evaluating the following integral: (1) where is the number of signals that can be found with amplitude between and . Fig. 4 shows the number of counts, or frequency if normalized to the measurement time, as a function of the trigger threshold, expressed in electrons. The curves have been taken at different values of the PMT biasing voltage, ranging from 750 V to 950 V. The smallest bias level was that having the lowest acceptable signal to noise ratio, while the largest bias was set at the limit of the dynamic range of the setup.
The fitting curve (1) is superimposed to the data in Fig. 4. In Fig. 5 , the Gaussian distributions of (1) that fit the corresponding data of Fig. 4 are shown. In the measurements, the smallest trigger threshold considered was that just above noise. Table I is a summary of the characteristics of the curves shown in Fig. 5 . Table I using (1). The output signal has a strong dependence on the bias voltage. This is visible in Table I and Fig. 5 . In Fig. 6 , the mean response to the single photon is shown as a function of the PMT bias voltage. We fitted the measured data with the curve [19] , [20] ( 2) where is 12, the number of dynodes in the H9500. The result was equal to V and equal to 0.66. The accuracy of the fit was limited by the dynamic range of our setup that loses linearity above 3.5 ; see Fig. 1 . We found (empirically) that an exponential curve works fine in the restricted range of voltage biases considered (3) Both curves are superimposed to data in Fig. 6 .
Noise and dark current have been measured with the LED diode switched off. Our setup is not adequate to perform a precise evaluation of noise, and we limited the purpose of the analysis to determining the lower limit for the trigger threshold such that it does not impair our measurements. We found that the noise shows only a small dependence on the PMT bias voltage. Fig. 7 shows an example of noise spectrum from one pixel at a bias of 900 V, fitted with a Gaussian curve. From the figure, a noise level of about 300 can be estimated. The response curves of Fig. 5 have mean values consistent with the gain obtained from a tungsten filament incandescent lamp, as given in the data sheet. The overall rate of the signals from the LED, biased with a selected fixed voltage value, remains constant to within a few hertz while varying the readingstrobe from a few hundred hertz up to a few tens of kilohertz. This is an indication of the absence of pile-up. These considerations prove that the setup was able to generate single photons and read the PMT response.
IV. CROSSTALK STUDY
The statistics that regulate the crosstalk from a single photon response in a PMT depend on the mechanism of generation of the electrons at each dynode.
When a photon enters the quartz window of the PMT, a single photoelectron is generated at most. This photoelectron is accelerated by the applied field to hit the first dynode. At this point, a few electrons, Poisson-distributed, are generated [19] . Each new-generation electron is driven toward a second dynode by the electric field. Each electron will create a new generation at this second stage. The process is repeated at each stage of the dynodes chain. Twelve stages are present in the H9500 before the final anode collects all the charge. The final gain is of the order of few /photon. For reasons due to very small nonuniformities in the geometry of the dynode structure and/or the applied electric field, an electron, while travelling to a dynode, has a small probability to change direction toward a lateral dynode. At the end of the chain, a crosstalk signal is therefore generated. Due to the multiplication mechanism, the first and the second dynode of the chain are those where the largest crosstalk signals are generated. Consider two completely different scenarios. In the first case, many photons at the same time hit the input quartz window at the same position. The model is illustrated in Fig. 8 . A similar Fig. 8 . Statistical model of signals generated from many input photons. p is the crosstalk probability, while we call G the gain of the multiplication.
number of photoelectrons is created at the first dynode and generates many secondary electrons, . If is the probability that an electron changes its direction while traveling to the following stage of the chain, on the average, electrons, with , travel to lateral pixels generating, at the end of the chain, a crosstalk signal that is times smaller than that on the central pixel. This signal is present every time a large number of photons hits the pixel or every time . From the H9500 data sheets, is about 5%, measured with a tungsten incandescent filament lamp.
The situation is different if only one photon hits the pixel; see Fig. 9 . In this case, only a few electrons are generated at the first dynode, and . This means that, on average, a crosstalk signal is generated about every (1/ ) single-photon events. Due to the discrete nature of the process, most of the time only one electron generates a crosstalk signal that has a significant fraction of the inducing signal, in the ratio of amplitudes by 1/( ), that can be as large as 20% to 30%. We have experimentally tested the statistical model with our setup. As described in the previous section, we generate singlephoton signals and collect both the inducing signals and the crosstalk signals. In our study, we refer only to those crosstalk events in coincidence with those coming from, or induced from, the central pixel of the cluster, to suppress the contribution from noise and dark current as much as possible.
The probability of Fig. 9 can be estimated from Fig. 10 , where the histogram of the central pixel and the four lateral pixels marked with a dot in the cluster of Fig. 3 are shown when the trigger threshold is set just above noise. Pixels marked with a black dot in Fig. 3 have been found to be the only pixels fired by the crosstalk. From Fig. 10, a value of about 2.9% is determined (the total probability from the four lateral pixels is 11.5%).
A simulation has been done to validate the model of Fig. 9 and the measurements result of Fig. 10 . In the simulation, we oversimplified the system by modeling the electron generation from any hitting electron as an independent random variable with a Poisson distribution. We can see in Fig. 11 the distribution of the amplitudes of the crosstalk signals and the central signals. The Fig. 9 . Statistical model of signals generated from a single input photon. p is the crosstalk probability, while we call G the gain of the multiplication. crosstalk extends in amplitude to a significant fraction of the signals from the central pixel. Simulation taken at a bias of 900 V in Fig. 11 gives 3.3 for , the number of electrons generated at the first dynode, from Table II, at the lower threshold level, the probability results about 3.4%.
In Fig. 12 , the crosstalk signals from the lateral pixels of By increasing the trigger threshold, the crosstalk probability decreases, but the rate of the inducing signals decreases as well. A compromise can therefore be found. This is demonstrated in Fig. 13 , where the signals from the central pixel and the sum from all four laterals are plotted. Superimposed on the measurements are the simulated curves, which describe the data fairly well. Table II shows an estimation of the loss of signals as a function of the trigger threshold for the PMT under test when The present measurements show that although the crosstalk level for the single photon in the H9500 PMT is not negligible, its probability to occur is small; about 10% if the trigger threshold is set just above noise. As an example in the RICH of LHCb, a ring contains about 20 photons, for which we expect the presence of a crosstalk signal for only a pair of pixels on average. V. CONCLUSION Crosstalk from PMTs has been studied for single-photon response. Results have shown that due to the statistics that describe the process and the discrete nature of the electron charge, crosstalk from a single-photon event having a significant fraction of the signal is present in a small percentage of the time. This is the consequence of the small number of electrons (a few units) generated at the first dynode of the multiplication chain.
We have modeled and experimentally tested this with a commercial Hamamatsu H9500 tube, a 16 16-pixels PMT. For this device, we found a rate of crosstalk signals around the fired pixel to be less than 11%, with fractional amplitude between 20% and 30%.
